Objectives Due to severe limitations of dental pulp sensitivity tests, the direct recording of pulsed blood flow, using photoplethysmography (PPG), has been proposed. In vivo evaluation is methodologically difficult and in vitro models have hitherto been adversely influenced by shortcomings in emulating the in vivo situation. Consequently, the aim of this study was to test an improved data acquisition system and to use this configuration for recording pulsed blood in a new model. Materials and methods We introduced a PPG signal detection system by recording signals under different blood flow conditions at two wavelengths (625 and 940 nm). Pulsed blood flow signals were measured using an in vitro model, containing a molar with a glass pulp and a resin socket, which closely resembled in vivo conditions with regard to volumetric blood flow, pulp anatomy, and surrounding tissue. Results The detection system showed improved signal strength without stronger blanketing of noise. On the tooth surface, it was possible to detect signals emanating from pulsed blood flow from the glass pulp and from surrounding tissue at 625 nm. At 940 nm, pulp derived signals were recorded, without interference signals from surrounding tissue. Conclusion The PPG-based method has the potential to detect pulsed blood flow in small volumes in the pulp and (at 625 nm) also in adjacent tissues. Clinical relevance The results show the need for clear differentiation of the spatial origins of blood flow signals of any vitality test method to be applied to teeth.
Introduction
Clinically available test methods for the evaluation of dental pulpal tissue vitality suffer from severe limitations. The nerve response (sensitivity) toward commonly used thermal or electric stimuli does not necessarily correspond to pulpal blood flow [1, 2] , which is generally regarded as a main criterion for tissue vitality. This is especially true, following trauma [1] , hypoxia [3, 4] , or for teeth with incomplete root formation [4] . In a systematic review [2] , it has been highlighted that scientific evidence for the accuracy of assessing pulp vitality by current sensitivity test methods is insufficient.
As alternatives, different objective, non-invasive methods for the direct assessment of pulpal blood flow have been proposed and evaluated during recent decades. Photoplethysmography (PPG) employs light, e.g., emitted by a light emitting diode (LED), whose transmission through the tooth is dependent on blood flow. The output signal is then detected by a photosensor on the opposite side of the tooth [5, 6] or in reflection [7] . Pulse oximetry (PO) is based upon the same technical principle as PPG, but uses two wavelengths (red and infrared), allowing the determination of hemoglobin oxygen saturation [8] [9] [10] . Laser Doppler flowmetry (LDF) uses the Doppler frequency shift of laser light by reflection from moving erythrocytes to detect blood flow. This technique has been established as the gold standard of experimental blood flow measurements in soft tissues [11, 12] . Laser speckle imaging (LSI) [13, 14] or ultrasonic flowmetry (UFM) [15, 16] have also been examined on teeth in vitro [14] and in vivo [13, 15, 16] within pilot studies.
The problems associated with each of these methods have been described elsewhere [17] . In general, they suffer from the problem that the signals detected from a tooth may not only result from blood flow in the dental pulp itself, but also from blood flow through tissue surrounding the tooth. This can be observed from in vivo studies reporting on blood flow signals recorded with PPG [6, 18] , PO [19, 20] , or LDF [21] [22] [23] [24] [25] [26] , even when applied to non-vital or root-filled teeth. This risk of recording blood flow in other than pulpal tissue has also been discussed for UFM [15] .
One potential source of such interference signals is dental hard tissues, which act as light guides and can scatter rays which are directed onto the crown surface, through the root into surrounding structures. This is particularly apparent in LDF [27, 28] . Thus, recorded signals may derive from blood flow in the periodontal ligament, the surrounding bone, or from the gingiva. Using the PPG method, Fein et al. [6] placed an opaque plastic strip between the tooth and the marginal gingiva, which reduced the recorded signal amplitude only slightly, while local anesthesia with the vasoconstrictor epinephrine (1:50.000) applied to the gingiva caused a drastic reduction in the recorded signal. This indicates a substantial influence from gingival blood flow on PPG signals detected through teeth. In an attempt to avoid or reduce interfering PPG signals, different dental dams and foils were examined [6, 17, 18] , revealing inconsistent results.
Besides this uncertainty on the spatial origin of detected signals, another problem with the development of objective pulp vitality test methods is the lack of a gold standard, with which in vivo data from new test methods can be compared [2, 6] . Here, in vitro models which closely replicate the in vivo situation are advantageous, because the different parameters (e.g., signal sources) can be defined and no control test methods are required [29] [30] [31] .
In a recent in vitro study from our research group [17] , we found that pulsed blood flow could be detected in a tooth-gingiva model, using the PPG technique. Serving as a proof-of-principle, this model had severe limitations: The conditions for blood flow rates in this model (23.5 ml/min) greatly exceeded physiological pulpal (20-60 ml/min per 100 g tissue [4, 32, 33] ) and gingival (30 ml/min per 100 g tissue [34] ) in vivo blood flow rates. Furthermore, the use of a straight glass capillary or silicone tube in the molar to emulate the pulpal blood flow in the tooth-gingiva model did not resemble in vivo conditions in either shape or size.
As a consequence, the hypotheses for the present study were the following: (1) pulsed blood flow signals can be detected with an improved PPG recording device, whereas constant, non-pulsed blood flow or static blood reveals no periodically modulated signal and (2) signals from both pulpal and gingival blood flow can be detected, either separately or combined, in a new in vitro model emulating anatomical in vivo conditions more closely than in the former study. Therefore, the aim of this work was to evaluate an improved PPG-based signal detection system with an established in vitro tooth-gingiva model [17] and to use this system to detect signals resulting from pulsed blood flow in a new in vitro model with dimensions of a pulp chamber close to the in vivo situation while emulating the in vivo surrounding tissues.
Materials and methods

Blood preparation
Human leukodepleted erythrocyte concentrates (EC; Blood bank, University Hospital Regensburg, Germany) were supplemented with a 10% copolymer surfactant/NaCl solution (Synperonic F68, CAS [9003- ; Serva Electrophoresis, Heidelberg, Germany) in a ratio of 1:100 Synperonic solution/EC. Such blood preparations from four donors (EC 1-4) were used as described below.
Light emitting and recording systems
As in our previous studies [17, 35] , we used light from two high power-LEDs with wavelengths of 625 nm (red) and 940 nm (infrared) with the lamp current (I L ) adjusted to 0.1 A. The recording system used in this study has been described in detail elsewhere by Schulz et al. [35] . Briefly, for the detection, conversion, filtering, amplification, and light to voltage conversion, a monolithic photosensor (OPT101PG4; Burr-Brown, TI, Dallas, USA) in addition to specifically designed and custom built devices and laboratory software (LabView 2012, Version 12.0f3 (32bit); National Instruments, Austin, Texas, USA), were used. Parallel to the voltage signal, vascular pressure in both circuits was recorded using piezoresistive membrane pressure sensors (40PC015G1A, Honeywell, Morristown, NJ, USA).
Flow-through models of a tooth with surrounding tissues
For the initial part of the study, testing the suitability of the new signal recording system, we used the tooth-gingiva model (TGM) developed by Niklas et al. [17] . Briefly, this model consisted of a human mandibular molar with a straight glass capillary (inner diameter 1.0 mm) placed through the crown, from the central fissure to the bifurcation. The roots of the molar were embedded in an acrylic resin socket (Paladur clear; Heraeus Kulzer, Hanau, Germany), which contained two canals (inner diameter: ca. 3 mm) surrounding the roots, by which gingival blood flow was emulated. The capillary and the canals were connected separately to peristaltic pumps, creating a pulsed pulpal and gingival blood flow of 23.5 ml/ min (all flow rates measured by weight) at a pulse frequency of 1 Hz, resulting in a mean vascular pressure in the pulpal and the gingival cycle of 43 and 17 mmHg, respectively. The experimental configuration is shown in Fig. 1a .
A constant, non-pulsed blood flow was achieved by using two 50 ml-burettes (Silberbrand; Brand, Wertheim, Germany) in the apparatus (Fig. 1b) . This resulted in 25 mmHg vascular pressure and 15.5 ml/min volumetric flow for the pulpal and 10-15 mmHg and 15.0 ml/min for the gingival blood flow. The static pressure of the erythrocyte concentrate in the burettes was used to generate the pulpal and gingival blood flow, while in this configuration, the pumps were only used to maintain the burette filling level constant and prevent a decline in static pressure.
For the second part of the study, we developed a new model (Fig. 2) . This glass pulp model comprised an intact human mandibular molar, which was placed into an anatomically formed socket, emulating the tissues surrounding the tooth. The roots were enlarged retrogradely with endodontic Kfiles (K-files; VDW GmbH, Munich, Germany) to ISO size 100 and the tooth cut into two halves. A hollow glass form (Duran borosilicate glass; Duran, Wertheim, Germany) was then fitted into the pulp chamber and the root canals using a heatproof cast, allowing the blood preparation to enter into one root (inner diameter: ca. 0.1-0.15 mm, measured with root canal files) before passing through the coronal part (inner diameter: ca. 0.5 mm) and to exit through the other root (inner diameter: ca. 0.1-0.15 mm) (Fig. 3) .
The socket of the model consisted of an inner part emulating the surrounding bone and an outer part emulating the gingiva. For the inner part, an acrylic resin mixture (PALA Paladur; Heraeus Kulzer, Hanau, Germany, 0.36 g transparent powder + 1.14 g pink powder + 1.1 ml liquid) was used. This mixture has similar light transmission properties to those of a whole porcine jaw at red to infrared wavelengths [36] . For the outer part, a soft relining silicone (Mollosil plus; Detax, Ettlingen, Germany) was used, into which a flexible silicone tube (Tygon R3607; inner diameter: 0.25 mm; Saint-Gobain Performance Plastics, Paris, France) was embedded at the position of the marginal gingiva to emulate gingival blood flow (Fig. 2) . Finally, the two tooth halves with the glass insert were tightly and precisely secured together and placed into the socket without the use of any resin or bonding agents.
The flow rate within the glass pulp model was adjusted to 0.35 ml/min with a pulse frequency of 1.2 Hz. The vascular pressure in the glass pulp was 450-600 mmHg with an amplitude of ca. 100 mmHg. In the gingival part, it was 350-550 mmHg with an amplitude of ca. 200 mmHg.
Experimental
We performed five experimental series, using different erythrocyte concentrates (EC): In the initial parts of the study (hypothesis 1), pulsed (EC 1) and non-pulsed blood flow (EC 2) were recorded in the tooth-gingiva model [17] for 10 s. In a third series, signals were recorded with pulsed blood flow for 10 s, which was then ceased and signals measured continuously for a further 10 s (EC 1). In the second part of the study (hypothesis 2), pulsed blood flow was recorded using the glass pulp model. This experiment was performed twice, with ECs from two different donors (ECs 3 and 4). Measurements with pump cessation were also taken with the new glass pulp model (EC 4).
As in the previous study by Niklas et al. [17] , recordings were made for two wavelengths (625 and 940 nm) and three flow modes: blood flowing only through the tooth (T), only through the gingiva (G), and both combined (TG), resulting in six experiments for each experimental series.
Data treatment
The readout signals from the recording system were displayed on a monitor screen showing curves of the recorded voltage (Fig. 4) and pressure signals against time. Pressure signals underwent no further quantitative analysis. Periodic, pulse synchronous, repetitive signal structures (modulation) of the voltage signal were identified as the example shown in Fig. 4 . For quantitative analysis, the amplitude of the voltage signal modulation (ΔU in volt) was used (Fig. 4) . The first 3 s of the blood flow recording were omitted. Finally, the following modulation amplitudes (ΔU 1 , ΔU 2 , and ΔU 3 ) were calculated as the difference between the respective maxima and minima of each of the three modulation amplitudes, from which the median was then used as the representative value for these experiments. Each experiment was performed five times. From the representative values from these five experiments, a median with 25-and 75%-quantiles were depicted.
For statistical analysis, pairwise non-parametric tests (Mann-Whitney U test) using the SPSS software (SPSS 22.0; IBM, Ehningen, Germany) was applied with a significance level of α = 0.05.
Results
Results of the first part of the study (hypothesis 1), testing the new signal recording system using the tooth-gingiva model and pulsed blood flow (T, G, TG), are shown in Fig. 5 .
For all experiments, periodic, pulse synchronous signal modulations could be detected and ΔU values derived (example for TG at 625 nm in Fig. 4 ). For 625 nm, the ΔU value for the blood flow in the gingiva (G) (0.1355 V) was significantly lower than those of the tooth (T) (0.9065 V) and both tooth and gingiva (TG) (0.9918 V) (p ≤ 0.008). For 940 nm, the ΔU values of TG (5.3899 V), G (3.6542 V), and T (2.3501 V) showed a decline in that order. With the exception of T vs. TG at 625 nm (marked with * in Fig. 5 ), all ΔU values were pairwise significantly different (p ≤ 0.008 in all cases). The signal voltage curves from the measurements using a constant, non-pulsed blood flow in the tooth-gingiva model showed an unstructured shape with no periodic modulation related to the blood pulse for any wavelength (625 and 940 nm) or flow mode (T, G, and TG). Examples from each experiment are shown in Fig. 6 . No quantitative analysis of the ΔU values was possible. The pressure signals showed constant pressure.
The measurements with pump cessation and the toothgingiva model showed synchronously pulse modulating voltage signals, which changed into aperiodic baseline signals following cessation of the pulsed blood flow (Fig. 7) . The same applied to the pressure signals (example pressure graphs for TG at 625 and 940 nm in Fig. 7) . Again, no exact quantitative analysis of the ΔU values was possible.
The results of the second part of the study (hypothesis 2) with the glass pulp model and pulsed blood flow are shown in Fig. 8 . In all experiments, except for the recordings with blood flow only in the gingiva at 940 nm, periodic, synchronous pulse modulation of the voltage signals could be detected. At 625 nm, the amplitudes (ΔU) of the voltage signal for the circulation mode G (EC 3, 0.0517 V; EC 4, 0.0247 V) were pairwise significantly lower than for T (EC 3, 0.2202 V; EC 4, 0.4648 V) and TG (EC 3, 0.2292 V; EC 4, 0.4359 V) (p ≤ 0.008 for both ECs and all cases). T and TG showed no significant differences in their ΔU values (p > 0.05 for both ECs). At 940 nm, no modulation was detected for G. T (EC 3, 1.3829 V; EC 4, 2.6787 V) and TG (EC 3, 1.0484 V; EC 4, 1.9318 V) again showed no significant differences in their ΔU values (p > 0.05 for both ECs). Comparing the results between the two donors (ECs 3 and 4), both ECs showed the same ranking for T, G, and TG at 625 and 940 nm. For T and TG, ΔU values were significantly lower with EC 3 than with EC 4 at both wavelengths (p ≤ 0.032). Gingival blood flow (G) was very small for both ECs. At 625 nm, it was only just detectable but not detectable at 940 nm. The measurements with pump cessation and the glass pulp model showed results analogous to those obtained with the tooth-gingiva model. No modulation was detected after cessation of pumping (Fig. 9 ).
Discussion
New recording device
In the first part of the study, a new recording system was tested regarding different blood flow conditions (hypothesis 1). Contrary to the case already reported by Schulz et al. [35] , we used a new optical fiber cable with a reinforced jacket but an unchanged fiber core, reduced lamp current (I L ) and additionally tested this device for constant blood flow and zero flow conditions.
For the generation of a constant blood flow without pulsation, two burettes were used. Our detection system has been specifically designed to detect very small volumetric flow rate changes, expressed as voltage signal modulation, with a high temporal resolution (Fig. 4) . For this reason, we preferred a non-mechanical flow generation as opposed to perfusion pumps [31, 37] , in order to avoid spurious signals due to flow rate inconsistencies.
In accordance with data from Schulz et al. [35] , the results from the first part of the study show that using the new signal detection system, a periodic synchronous pulsed blood flow signal can be detected in vitro at both wavelengths (625 and 940 nm, Fig. 5 ). Amplitudes of these derived PPG signals (ΔU values) are larger than those derived using the apparatus from Niklas et al. [17] (Fig. 10 ) who used the same toothgingiva model and circulation apparatus as we did in this study. He made identical measurements to ours but used an earlier version of a signal detection unit and used a 5 times higher incoming current for the LED.
Despite the signal enlargement, we observed no enlargement in the noise base in our measurements. Within our study, these results primarily demonstrated the technical suitability of the new configuration, enabling us to reduce the blood flow in the second part of the study (blood flow generation at anatomical blood volumes). A further quantitative comparison of the measurement devices was not within the focus of our study.
Further to the results from Schulz et al. [35] , it was shown that the system is not sensitive to constant blood flow or static blood. Possible extrinsic sources of signal interference such as ambient light [5, 9, 29, 38] , electromagnetic radiation [9] , or mechanical motion [5, 38] were maintained constant during the measurements, since they were not within the mandate of this study. Kahan et al. [38] discussed the risk of generating a pseudo signal from unspecific ambient noise through extensive signal filtering and amplification within a narrow range of frequencies. This could be excluded for our measurements as no modulated signals were detected in the absence of pulsed blood flow.
While the voltage signal reverted to a ground line for static blood (after cessation of pumping), the constant circulation lead to an unstructured signal which was not constant, indicating cell movements between light source and photosensor. These signal fluctuations could arise from transmission changes caused by local hematocrit inhomogeneities [31, 39] , which have also been observed by Vongsavan and Matthews [40] .
The signals shown are examples intended for comparison purposes. The main aim of the investigation was to detect clear signal structures from which ΔU values could be derived. No exact measurement of the signal to noise ratio was made; however, the filter suppression in the circuits used was at least 20 dB which was found to be adequate.
Blood flow generation at anatomical blood volumes
In the second part of the study, we aimed to emulate pulpal and gingival blood flow separately and more closely to in vitro conditions and to derive signals in a new in vitro model (hypothesis 2). By creating the glass pulp model, it was possible to avoid substantial losses of dental hard tissue from the model tooth, as in the case of drilling holes with diameters of up to several millimeters through the tooth crown and root [28, 30] , and to emulate a blood supply through the apical foraminae and the dental roots. The inner diameter of the glass pulp roots of 100-150 μm is equivalent to the size of the unbranched, centrally running arterial and venous vessels of the root pulp [32] . The coronal part of the model tooth pulp chamber had been enlarged just as much as necessary (ca. 0.5 mm) to fit exactly in the glass pulp, whose inner volume can thus be assumed to be within in vivo scale of a crown pulp. Emulation of the ramified and anastomosed coronal vascular plexus remained difficult. However, with the varying diameters of the glass pulp, a non-laminar and partly turbulent blood flow was created to emulate multidirectional blood flow. For our model, we decided not to insert porous glass material into the glass pulp in order to avoid blood coagulation [41] and thus irreversible changes to the glass pulp during measurements.
We chose a hollow form of glass instead of directly filling erythrocyte concentrate into the tooth pulpal chamber [29, 37] to prevent erythrocytes from entering into the dentinal tubules, which could have caused irreversible changes to the optical properties of the tooth during measurements. To maintain these properties, neither liner nor bonding materials were used for sealing the tubules. The only interventions on the tooth were the vertical cut, the careful enlargement of the pulp chamber and rounding of sharp edges to enable the insertion of the glass pulp.
The tooth socket was formed anatomically and built from a resin, suitable for the emulation of the optical properties of a porcine jaw. These had been determined by transmission measurements on complete porcine mandibles and had been compared to different mixtures of dental resins [36] (Fig. 11) . The resin mixture used in our study closely resembled these properties and for this reason was used as an approximation to in vivo conditions. By the readjustment of the pumps, the use of smaller silicone tubes and glass tube connectors, the blood flow rate was reduced from 23.5 to 0.35 ml/min for the pulpal and the gingival cycle, which means a 98.5% decrease. With a volumetric in vivo blood flow rate of 20-60 ml/min per 100 g of pulpal tissue [4, 32, 33] , an average in vivo pulp chamber volume 53 mm 3 [42] and a presumed pulpal tissue density of 1 g/mm 3 , an in vivo reference value for pulpal blood flow of 0.01-0.045 ml/min can be calculated for a first molar. This low value was not reached, but a good approach was possible. Concerning gingival blood flow, the volumetric blood flow in the gingiva of dogs is about 30 ml/min per 100 g tissue [34] . With an assumed tissue density of 1 g/mm 3 , our volumetric gingival blood flow of 0.35 ml/min would be sufficient for the perfusion in a tissue volume of 1.2 cm 3 , which matches the arbitrary volume of the marginal gingiva used in our model socket.
Vascular pressures were 450-600 mmHg for the pulp and 350-550 mmHg for the gingiva, which exceeded physiological values [32] . Further reductions were not possible within the technical restrictions of this study. As the pressure sensors were positioned upstream of the flow-through model (Fig. 1) , the pressures inside the model can be presumed to be smaller than those measured by the sensors [43] . Additionally, unlike the case shown in Fig. 1 , the erythrocyte concentrate was not fed back to the reservoir, so only fresh concentrate streamed through the glass pulp model each time. This avoided multiple exposure of the blood cells to high pressures. Measurements with a constant blood flow could not be performed with the glass pulp model because the static pressure generated by the burettes was too small to create sufficient erythrocyte flow due to the high flow resistance of the narrow tubes and the glass pulp.
In summary, we tried to take into account as many factors as possible for the design of the glass pulp model simulating the in vivo situation. Nevertheless, the system has methodological limitations, especially concerning the simulation of (micro) vascular circulation, the optical properties of a human jaw and tooth, or the simulation of possible movement artifacts in clinical situations.
Despite the reduction in volumetric blood flow and the reduction of the emulated tissue volumes to in vivo scales, it was possible to record synchronously pulse modulated voltage signals (PPG signals) from pulsed blood flow and to determine ΔU values for T, G, and TG at 625 nm and for T and TG at 940 nm.
While gingival signals (G) exceeded pulpal signals (T) at 940 nm in measurements with the tooth-gingiva model (TGM) from Niklas et al. [17] , with the glass pulp model (GPM), gingival signals (G) were not detectable at 940 nm. This can probably be explained by the different designs of the two models and underpins the necessity to perform such in vitro experiments in models which emulate in vivo conditions as closely as possible.
The in vitro detection of gingival signals in measurements on the tooth at 625 nm shows that rays from LEDs which are directed onto the dental crown can be scattered via the dental hard tissues into surrounding structures. This is in line with in vivo studies with the PPG and PO methods, which demonstrated the influence of circulation in other than pulpal tissues on signals detected through teeth [6, [18] [19] [20] . The fact that the gingival erythrocyte flow could not be detected at 940 nm, does not exclude the influence of non-pulpal signals on PPG measurements at this wavelength in vivo, as first reports on in vivo PPG and PO signals from non-vital teeth indicate [6, 19, 20] . It must be emphasized that only the blood flow of the marginal gingiva was emulated in this study. In vivo, blood flow in other structures, such as the periodontium [18, 30, 38] , lip, and tongue [6, 44] pose additional sources for non-pulpal PPG signals, as has already been shown for LDF signals [22, 23, 45] .
The ΔU values of T and TG were smaller at 625 nm than at 940 nm. This wavelength dependency may arise from the optical properties of both dental and surrounding tissues. Hirmer et al. [46] applying infrared and terahertz spectroscopy [47] [48] [49] in a wide spectral range from visible to far infrared wavelengths showed that from 600 to 1400 nm, teeth demonstrate a high degree of transmission. Within this Btransmission window^ [46] , at 625 nm transmission is lower than at 940 nm which matches the results from other studies [50, 51] . On the other hand, the glass pulp may also influence the transmission properties of the model, even though with the tooth gingiva model ΔU values at 625 nm were also smaller than those at 940 nm.
The results for the erythrocyte concentrate from donor 3 (EC 3) showed a lower voltage signal amplitude than for the one from donor 4 (EC 4), as the optical properties of blood differ between individuals [52, 53] . Nevertheless, the ranking of pulpal (T), gingival (G), and combined blood flow (TG) were consistent between both donors and at both wavelengths. The experiments with the glass pulp model and pump cessation during signal recording showed similar results to those with the tooth gingiva model. These results also illustrate the insensitivity of the signal detection system toward static blood and extrinsic signal sources with the new glass pulp model.
Photoplethysmography realized in this study appears to be suitable for detecting pulpal blood flow in teeth and thus to be a clinically valuable method for evaluating pulp vitality. Signals from blood flow in other oral tissues like the gingiva could be reduced by selecting a suitable infrared wavelength.
Taking the results of this research to their logical conclusion, there is much room for miniaturization. The apparatus shown in Fig. 1 was not intended as a final product, and much development would be required before marketable equipment emerges. Nevertheless, some thoughts in this direction have been made. The Blab on a chip^concept is now wellestablished. In fact, the Royal Society of Chemistry launched a journal with the title BLab on a chip^in 2001.
Although Bchip^usually implies an electronic device, most such systems rely on capillary transport of fluids and evaluation through sensors (both integrated and discrete) including electro-optical signal detection [54] similar to that discussed here. Realization of Photoplethysmography apparatus in such a form is quite conceivable. This was not followed during this work as the focus remained on basic research and proof of concept. Future developments could easily change this.
Conclusions
The new PPG signal recording system proved to be suitable for the detection of pulsed blood flow in our experimental design, providing larger signal amplitudes than in previous systems while remaining insensitive to constant, non-pulsed or no blood flow.
Using this new recording system, pulpal blood signals could be detected in vitro at 625 and 940 nm in a model resembling in vivo conditions in size and volumetric blood flow rates. Interference of signals from the gingiva in this model was apparent only at 625 nm, not at 940 nm.
The PPG-based recording of pulsed blood signals presents a promising technique for future pulp vitality testing, though a clear differentiation between pulpal and non-pulpal PPG signals is crucial.
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